conditioning (IP) has been shown to improve exercise performance and to delay fatigue. However, the precise mechanisms through which IP operates remain elusive. It has been hypothesized that IP lowers the sensation of fatigue by reducing the discharge of group III and IV nerve endings, which also regulate hemodynamics during the metaboreflex. We hypothesized that IP reduces the blood pressure response during the metaboreflex. Fourteen healthy males (age between 25 and 48 yr) participated in this study. They underwent the following randomly assigned protocol: postexercise muscle ischemia (PEMI) test, during which the metaboreflex was elicited after dynamic handgrip; control exercise recovery session (CER) test; and PEMI after IP (IP-PEMI) test. IP was obtained by occluding forearm circulation for three cycles of 5 min spaced by 5 min of reperfusion. Hemodynamics were evaluated by echocardiography and impedance cardiography. The main results were that after IP the mean arterial pressure response was reduced compared with the PEMI test (means Ϯ SD ϩ3.37 Ϯ 6.41 vs. ϩ9.16 Ϯ 7.09 mmHg, respectively). This was the consequence of an impaired venous return that impaired the stroke volume during the IP-PEMI more than during the PEMI test (Ϫ1.43 Ϯ 15.35 vs. ϩ10.28 Ϯ 10.479 ml, respectively). It was concluded that during the metaboreflex, IP affects hemodynamics mainly because it impairs the capacity to augment venous return and to recruit the cardiac preload reserve. It was hypothesized that this is the consequence of an increased nitric oxide production, which reduces the possibility to constrict venous capacity vessels. cardiac preload; blood pressure; myocardial contractility; stroke volume; fatigue ISCHEMIC PRECONDITIONING (IP) classically refers to the capacity of brief episodes of sublethal ischemia to render cardiac cells more resistant to subsequent, more sustained ischemic insults leading to infarction (52). The protective effects of IP against myocardial ischemia have been confirmed in many mammal species, including humans (6, 15, 18, 28, 46, 58, 60, 64, 68) . Along with the effects on the myocardium, recent research has reported positive effects of IP on muscle functions. In particular, enhanced exercise performance has been found when muscle IP was applied before various kinds of effort such as handgrip, cycling, running, and swimming (8, 9, 24, 27, 41, 44, 59) . Although some authors found uncertain or no effect (13, 34, 36, 67) , or even a negative effect (56), of IP on exercise performance, the majority of the reported research suggests that IP induces some mild improvements in the capacity to exercise. However, the mechanisms through which IP positively influences exercise remain largely speculative, and several hypotheses have been formulated about the putative effects of IP on exercise performance. Previous studies have demonstrated that these positive effects occurred independently from a cardiac response (7, 8, 24, 27) . Thus the mechanisms are probably related to a local phenomenon at the muscle and vascular level and/or to the perceived sensation of fatigue. For instance, muscle IP has been demonstrated to locally improve vascular function and perfusion by increasing nitric oxide (NO) formation and by attenuating sympathetic vasoconstriction (7, 8, 37) . Moreover, the IP maneuver can promote an ATPsparing effect, thereby producing more efficient muscle contraction (1, 57). Finally, it has been hypothesized that IP lowers the sensation of fatigue by reducing the discharge of afferent group III and IV nerve endings in the muscle (24). Feedback from these nervous afferents inhibits central motor drive and facilitates central fatigue, thus limiting exercise performance (3, 32).
ISCHEMIC PRECONDITIONING (IP) classically refers to the capacity of brief episodes of sublethal ischemia to render cardiac cells more resistant to subsequent, more sustained ischemic insults leading to infarction (52) . The protective effects of IP against myocardial ischemia have been confirmed in many mammal species, including humans (6, 15, 18, 28, 46, 58, 60, 64, 68) . Along with the effects on the myocardium, recent research has reported positive effects of IP on muscle functions. In particular, enhanced exercise performance has been found when muscle IP was applied before various kinds of effort such as handgrip, cycling, running, and swimming (8, 9, 24, 27, 41, 44, 59) . Although some authors found uncertain or no effect (13, 34, 36, 67) , or even a negative effect (56) , of IP on exercise performance, the majority of the reported research suggests that IP induces some mild improvements in the capacity to exercise. However, the mechanisms through which IP positively influences exercise remain largely speculative, and several hypotheses have been formulated about the putative effects of IP on exercise performance. Previous studies have demonstrated that these positive effects occurred independently from a cardiac response (7, 8, 24, 27) . Thus the mechanisms are probably related to a local phenomenon at the muscle and vascular level and/or to the perceived sensation of fatigue. For instance, muscle IP has been demonstrated to locally improve vascular function and perfusion by increasing nitric oxide (NO) formation and by attenuating sympathetic vasoconstriction (7, 8, 37) . Moreover, the IP maneuver can promote an ATPsparing effect, thereby producing more efficient muscle contraction (1, 57) . Finally, it has been hypothesized that IP lowers the sensation of fatigue by reducing the discharge of afferent group III and IV nerve endings in the muscle (24) . Feedback from these nervous afferents inhibits central motor drive and facilitates central fatigue, thus limiting exercise performance (3, 32) .
It is important to highlight that type III and IV nerve endings also exert an essential contribution to the cardiovascular regulation during exercise. In particular, they activate the exercise pressor reflex, which, along with central command, is responsible for the increased sympathetic activity during exercise (2, 4, 54) . In detail, type III and IV nerve endings operate as mechano-and metaboreceptors within the muscle and reflexively modulate sympathetic tone on the basis of the mechanical and metabolic conditions of the working muscle, with type III acting mainly as mechanoreceptors and type IV as metaboreceptors (54) . The stimulation of these latter nerve endings activates the so-called "metaboreflex," a reflex that elicits a substantial increase in sympathetic tone and that regulates the main hemodynamic modulators (i.e., heart rate, cardiac contractility, preload, and afterload) (20, 21, 23, 39, 48 -50, 54, 55) .
Hence, type III and IV nerve endings have a twofold role: on the one hand, they ensure effective cardiovascular adjustments to exercise; on the other, these afferents induce the sensation of fatigue. Inasmuch as IP can reduce type III and IV activity and fatigue, it is then possible that IP can also reduce the hemodynamic response to the metaboreflex activation. However, it is also considered that blocking these afferent nerve endings leads to an impairment in the hemodynamic and respiratory responses to exercise (2-4). In other words, the positive effect of their inhibition may be outweighed by the negative effects on the cardiovascular and respiratory regulation.
In accordance with these concepts, the present study was aimed to investigate the effect of IP on the hemodynamics during metaboreflex recruitment. In detail, we hypothesized that IP reduced the blood pressure response during the metaboreflex by reducing the response of one or more of the main hemodynamic modulators: heart rate, cardiac contractility, preload, and afterload. A second aim was to verify whether or not this IP effect was accompanied by a reduction in the perception of fatigue.
METHODS

Study Population
Fourteen healthy Caucasian males aged 25-48 yr (means Ϯ SD 33.2 Ϯ 6.4 yr), whose height and mass were 175.4 Ϯ 7.6 cm and 71.5 Ϯ 7.2 kg, respectively, agreed to participate in this study. All were judged healthy on the basis of a preliminary medical examination (see Experimental Design). None had any history of cardiac or respiratory disease or were taking any medication at the time of the experiment. All subjects were normotensive and nonsmokers and were blinded about the nature of the experiment. Subjects were asked to refrain from alcoholic beverage and caffeine for at least 24 h before the experimental sessions. The study was performed according to the Declaration of Helsinki and was approved by the local ethics committee. Written informed consent was obtained from all participants.
Experimental Design
Preliminary test. Subjects underwent a general medical examination with electrocardiogram (ECG) and echocardiography to exclude any cardiovascular problem. Afterward, a cardiopulmonary test (CPX) with a gas analyzer (ULTIMA CPX, MedGraphics, St. Paul, MN) on an electromagnetically braked cycle ergometer with ECG monitoring (CUSTO Med, Ottobrunn, Germany) was conducted to assess their physical capacity.
Test for metaboreflex function assessment. After the preliminary visit (interval 4 -7 days), the subjects performed a test to measure their maximum voluntary contraction (MVC) during handgrip, which was assessed in the seated position. Subjects squeezed a hydraulic dynamometer (MAP 1.1, Kern, Balingen, Germany) to the maximal force for 1 s. MVC was considered as the peak reached during 5 maximal compressions, with at least 30-s interval. Handgrip was performed by the dominant arm. The subjects then underwent the following protocol, randomly assigned, with sessions spaced by at least 4 days interval (within 4 -9 days), to study their cardiovascular response to metaboreflex activation and to asses the effects of IP on hemodynamics during the metaboreflex:
POSTEXERCISE MUSCLE ISCHEMIA SESSION SESSION. The postexercise muscle ischemia session (PEMI) session encompassed 3 min of resting, followed by 3 min of exercise, consisting of rhythmic (30 compressions/min dictated by a metronome) handgrip on the same dynamometer used for MVC assessment and in the same seated position. The workload was set at 30% of MVC, which was by means of visual feedback. The exercise period was followed by 3 min of PEMI on the exercised arm. Ischemia was induced by rapidly (in Ͻ3 s) inflating at the cessation of exercise an upper arm biceps cuff to 50 mmHg above peak exercise systolic pressure. The cuff was kept inflated for 3 min. An additional 3 min of recovery were allowed after the cuff was deflated, for a total of 6 min of recovery. Thus the total session duration was 12 min. This protocol, although conducted at mild workload, has been found be able to trap muscle metabolites in the exercising limb and to maintain stimulation of the metaboreceptors thereby eliciting substantial hemodynamic responses in terms of cardiac contractility, preload, and afterload modulation (19, 22, 23, 48, 50, 61) . Moreover, this protocol allows for the metaboreflexmediated cardiovascular response to be isolated from that arising from central command and mechanoreflex activation, since during PEMI these two cardiovascular reflexes no longer operate (10, 21, 54) .
CONTROL EXERCISE RECOVERY SESSION SESSION. The same restexercise protocol used for PEMI was used in the control exercise recovery session (CER) session, but the recovery was conducted without tourniquet inflation.
PEMI AFTER IP SESSION. Participants underwent the same protocol as described for the PEMI session in the PEMI after IP (IP-PEMI) session, but it was preceded by the IP maneuver obtained by occluding forearm circulation with one pneumatic cuff positioned around the arm, at the level of the biceps muscle, and inflated 50 mmHg above the subject's systolic blood pressure. Circulatory occlusion lasted 5 min and was performed three times, each separated by 5 min of reperfusion. The exercise test started 5 min after the IP maneuver. This protocol had already been used in similar studies (24, 45) .
During the preconditioning phases of the IP-PEMI session, the absence or presence of pulsatile arterial flow was assessed using an Echo-Doppler ultrasound device (M5 Diagnostic Ultrasound System, Mindray Bio-Medical Electronics, Shenzen, China) equipped with a linear-array transducer at 5.0 MHz in the pulsed-wave mode. The transducer was positioned at the level of anatomical snuff box to visualize the radial artery. Blood velocity was imaged with an insonation angle of 60°. Furthermore, during the preconditioning maneuvers, the probe of a portable near-infrared spectroscopy (NIRS) apparatus (PortaMon, Atrinis Medical Systems, Elst, Holland) was placed medially on the volar forearm, at the widest girth of the forearm. The probe was covered with a dark cloth to minimize the intrusion of ambient light, and it was secured with elastic straps to avoid motion. This device has a dual wavelength continuous wave system, which simultaneously uses the modified Beer-Lambert law and spatially resolved spectroscopy (29, 42) . The PortaMon is able to assess changes in tissue oxyhemoglobin (O2Hb) by using the difference in absorption characteristics of wavelengths at 760 and 850 nm. During testing, the NIRS system was connected to a laptop by Bluetooth for data acquisition and analog-to-digital conversion at a sampling rate of 10 Hz. The NIRS analysis was conducted to verify whether or not the IP-PEMI session led to any reduction in muscle oxygenation to further confirm the presence of ischemia.
Task failure test. Before the PEMI and the control exercise recovery session (CER) tests and after the preconditioning maneuvers of IP-PEMI test (the interval after the IP maneuver was between 20 and 30 min), each participant performed handgrip contraction with a rhythm of 30 contractions/min (1 s contraction followed by 1 s relaxation) in the same position, with the same arm, and with the same dynamometer described for the MVC protocol. They were asked to maintain a force of 45% of the MVC until exhaustion, which was considered as the point when they were unable to maintain the target power output for at least three consecutive contractions. A similar task failure protocol had already been used to investigate on the effect of IP on fatigue (9) . Subjects were encouraged to exert for as long as possible. The time taken to achieve the task failure was gathered with a hand chronometer. Participants and operators were blinded to the task failure timing. The task failure test was employed to test whether or not the IP maneuver delayed fatigue during dynamic handgrip. Others have found beneficial effects of IP during handgrip (9), although conflicting results have been reported on the capacity of IP to improve exercise with larger muscle mass (13, 34, 36, 67) .
All experiments were carried out in a temperature-controlled, air-conditioned room (22°C, relative humidity at 50%).
Hemodynamic assessment during metaboreflex activation. Throughout sessions of metaboreflex activation, subjects' hemodynamics were collected by impedance cardiography (NCCOM 3, BoMed, Irvine, CA). The impedance method allows for continuous noninvasive hemodynamic evaluation and has been previously utilized in similar experimental settings (19 -23) . The data acquisition procedure is described in detail in previous works by our group (19 -23) . Briefly, analog traces of electrocardiogram, thorax impedance (Z 0), and Z0 first derivative obtained with the impedance cardiograph were collected and stored by means of a digital chart recorder (ADInstruments, PowerLab 8sp, Castle Hill, Australia) at a sampling rate of 500 Hz. Stored traces were then used to calculate beat-to-beat heart rate (HR) and stroke volume (SV). In particular, HR was calculated as the reciprocal of the electrocardiogram R-R interval, whereas SV was obtained using the Sramek-Bernstein equation (11) . Cardiac output (CO) was calculated as SV·HR. The preejection period (PEP) and the left ventricular ejection time (LVET) were also assessed from impedance traces, as shown in detail by previously published papers (17, 23) . Diastolic time (DT) was measured by subtracting the sum of PEP and LVET from the cardiac cycle total period. The ventricular filling rate (VFR), which is a measure of the mean rate of diastolic blood flux, was obtained dividing SV by DT (23, 35, 48, 50) .
A standard manual sphygmomanometer was employed for systolic (SBP) and diastolic (DBP) blood pressure assessment, which was performed in the nondominant arm by the same physician throughout all protocol sessions. The formula by Moran and coworkers (51), which takes into account changes in the diastolic and systolic periods, was utilized to calculate mean arterial blood pressure (MAP). Systemic vascular resistance (SVR) was derived by multiplying the MAP-to-CO ratio by 80, where 80 is a conversion factor to change units to standard resistance units.
Left ventricular measures were also collected by utilizing twodimensional echocardiography (M5 Diagnostic Ultrasound System, Mindray Bio-Medical Electronics). A hand-held 3.5-MHz ultrasound probe was employed and end-diastolic volume (EDV) and endsystolic volume (ESV) were measured in the apical four chamber position. Volumes were calculated automatically by software using a conventional formula: 8A 2 /3L, where A was the left ventricular area and L was ventricular longest length (12) . The ventricular area was determined by tracing along the inner edge of the endocardial targets, and the length was obtained by measuring the distance from the left ventricular apex to the midpoint of the mitral annulus. Echocardiography images were taken at rest and during the last minute of the PEMI period and the corresponding periods of the CER and the IP-PEMI (i.e., at the third minute of recovery). As previously stated, subjects were in the sitting position. If images were considered to be of good quality by the operator, a 6-s frame was recorded and then analyzed offline by another operator who was blinded to the study protocol. For each analysis at least 3 beats were taken into consideration (range 3-6 beats). Individual values in each beat were calculated as the average of three trials of the same beat; i.e., each beat value was the average from 3 measures. Left ventricular ejection fraction (EF) was considered as (EDV Ϫ ESV/EDV)·100.
In the same beats utilized for left ventricular volumes assessment, early and atrial transmitral filling peak velocities (E vel and A vel, respectively) and their ratio (E/A) were collected by pulse-wave Doppler (PWD) recording. Measures were obtained from the apical four-chamber view with a 5-mm PWD sample volume placed distal to the mitral anulus, between the mitral leaflets. The interrogation beam was aligned with mitral flow. These transmitral measures are considered to be well correlated with left ventricular diastolic functions (14, 33) .
Data analysis
Data are shown as means Ϯ SD. Hemodynamic data collected by means of impedance cardiography during the metaboreflex tests were averaged over 1 min. Values at rest, at the third minute of exercise, at the third minute of PEMI (when a steady state in metaboreflex activity was expected to be reached), and at the sixth minute of recovery were taken into consideration for statistical analysis. Hemodynamic parameters gathered by echocardiography (EDV, ESV, and EF) were collected only at rest and at the third minute of recovery because of the difficulties in obtaining reliable data during exercise and to have continuos monitoring during recovery. Thus these variables are shown only during these periods. Two-way analysis of variance (ANOVA) was utilized to compare hemodynamic data for the effects of settings (rest, exercise, and recovery) and conditions (PEMI, CER, and IP-PEMI test) followed by Bonferroni post-hoc when appropriate. To further assess metaboreflex activity the following procedure was employed: the difference in the level of variables between the postexercise ischemia phases of the PEMI and the IP-PEMI tests and the CER test at the third minute of recovery were calculated. This procedure enabled metaboreflex response to be assessed, i.e., the response due to the metaboreflex activity (25, 50) . Differences in measured variables due to metaboreflex response were assessed by means of the t-test for paired data. To check differences in task failure tests, one-way ANOVA for repeated measures was applied, followed by Tukey post-hoc if appropriate. Data from the NIRS gathered during the preconditioning phase of the IP-PEMI test were averaged over 5 min. Differences in O2Hb level were calculated by one-way ANOVA for repeated measures, followed by Tukey post-hoc if appropriate. Statistical analysis was carried out by utilizing commercially available software (GraphPad Prism). Statistical significance was established as a P value of Ͻ0.05 in all cases.
RESULTS
The protocol was completed by all subjects and none of them complained of unbearable pain or discomfort during the periods of PEMI. No signs or symptoms of cardiac and/or respiratory diseases were detected during the preliminary medical examination or the incremental CPX test, and none of the subjects showed signs and/or symptoms of exercise intolerance. The maximum oxygen uptake reached by subjects was 43.5 Ϯ 6.7 ml·min Ϫ1 ·kg
Ϫ1
. The values of data recorded during rest periods preceding hand-grip strains are reported in Table 1 . Hemodynamic parameters were not different between conditions, therefore, subjects started tests for metaboreflex assessment at similar parameter levels. This fact indicates that IP was unable to affect variables value at rest.
The complete absence of any arterial flow during the IP maneuvers before the IP-PEMI test was confirmed by the Echo-Doppler ultrasound measurement, which detected no arterial flow during the application of a pressure of 50 mmHg higher than the subjects' SBP. Furthermore, the NIRS analysis Values are means Ϯ SD; n ϭ 14. PEMI, postexercise muscle ischemia; CER, control exercise recovery; IP-PEMI, PEMI after IP; HR, heart rate; SVCO, cardiac output; MAP, mean arterial pressure; SVR, systemic vascular resistance; VFR, ventricular filling rate; EDV, end-diastolic volume; ESV, end-systolic volume; E vel, early transmitral filling peak velocity; A vel, atrial transmitral filling peak velocity.
highlighted that there was a reduction in O 2 Hb levels during each of the three cycles of 5 min arterial occlusion compared with rest ( Fig. 1) . During the reperfusion phases, this parameter increased toward rest level. The mean values of MVC reached by subjects was 33.1 Ϯ 2.6 kg. Hence, participants performed the handgrip strains for metaboreflex activity assessment with the hand dynamometer set at 9.9 Ϯ 0.7 kg, i.e., 30% of MVC, whereas the task failure session was conducted with the dynamometer set at 14.9 Ϯ 1.1 kg, i.e., 45% of MVC. (Fig. 2C ) was unaffected by time or condition. However, the PEMI test induced a higher SV response compared with the IP-PEMI test (Fig. 2D ). HR and SV behavior resulted in a significant time effect upon CO time course (Fig. 2E) , whereas condition did not exert any effect. Moreover, CO response was higher during the PEMI than during the IP-PEMI test (Fig. 2F) .
MAP was significantly influenced by time and condition, but there was no interaction effect (Fig. 3A) . The response in MAP was higher during the PEMI than during the IP-PEMI test (Fig. 3B) . Figure 3C shows that there was no effect due to time or condition upon SVR. However, Fig. 3D demonstrates that the response in this parameter was higher during the IP-PEMI compared with the PEMI test. Time significantly changed VFR time course (Fig. 3E) without any difference due to condition. The response in this parameter was more elevated during the PEMI compared with the IP-PEMI test (Fig. 3F) .
There was no difference between settings in terms of EDV, ESV, and EF time course (Fig. 4, A, C, and E, respectively) . Responses in ESV and EF were not different between the PEMI and the IP-PEMI test (Fig. 4, D and F) , whereas EDV response was higher during the PEMI than during the IP-PEMI test. Time courses and responses of Doppler-derived indexes of myocardial diastolic function were unaffected by protocol settings (Fig. 5) .
Finally, there was no difference in time-to-task failure performed before each test. In detail, time-to-task failure was 118.1 Ϯ 92.81, 132.22 Ϯ 92.38, and 125.13 Ϯ 85.51 s for the PEMI, the CER, and the IP-PEMI test, respectively (P ϭ 0.42).
DISCUSSION
The main new finding of the present investigation was that ischemic preconditioning of the forearm was able to reduce the blood pressure response during the metaboreflex activation. After a classic preconditioning maneuver that caused a substantial muscular deoxygenation, we found that the typical blood pressure response, which is normally observed during postexercise muscle ischemia, was almost abolished. Actually, the MAP response was reduced during the IP-PEMI compared with the PEMI test. However, our data do not support the hypothesis that ischemic preconditioning successfully reduces the activity of type III and IV nerve afferents fibers of the muscle as an alternative hemodynamic explanation is more adherent to the hemodynamic scenario found.
It has been demonstrated that some of type III and IV afferences (especially type IV) act as "metaboreceptors" (5), because they are sensitive to the accumulation of metabolic by-products of muscle metabolism such as lactic acid, potassium, bradykinin, arachidonic acid products, ATP, diprotonated phosphate, and adenosine (5, 43, 53, 54) . Together with the mechanoreflex, the metaboreflex participates in the "exercise pressor reflex," whose activation is essential to achieve a normal hemodynamic adjustment to exercise (2, 4, 54, 66) . When the metaboreflex is triggered, the sympathetic nervous system is activated and this activation regulates the main hemodynamic modulators (cardiac performance, preload, afterload, and HR), which are modified to achieve the target blood pressure. It has been demonstrated that during the metaboreflex, the sympathetic tone is enhanced (30, 40, 53) and, at least in healthy subjects, this fact increases myocardial performance (19, 23, 55, 62) , supports cardiac preload by means of splanchnic and venous constriction (10, 47, 63, 65) , and causes arteriolar constriction (23, 39, 49, 55) . The effect on HR is variable, because it depends on the setting of metaboreflex activation: it normally raises when the metaboreflex is activated during exercise, whereas it does not vary if the metaboreflex is stimulated by means of PEMI. This phenomenon is explained by the fact that during PEMI the enhanced sympathetic tone is counteracted by the concomitantly increased parasympathetic outflow due to the loss of central command and the baroreflex resetting, which together buffer the increased sympathetic activity to the sinus node (16, 21, 30, 31) . However, it should be considered that the PEMI-induced HR response depends also on the mass of muscle involved. If PEMI follows exercise conducted with larger muscle mass than during handgrip, HR may remain above normal recovery values, although previous results from our laboratory did not show any difference between the PEMI and the CER tests after running (19) .
The hemodynamic response we found in our experimental setting was characterized by a blunted MAP response after IP. This effect was the consequence of a reduced SV response that took place in this condition. Since HR was similar between the PEMI and the IP-PEMI tests, the reduced SV also led to a diminished CO response. This SV response was the consequence of a different diastolic volume between the two settings. In detail, during the IP-PEMI test there was a lower EDV response compared with the PEMI test. Moreover, during the IP-PEMI test a reduction in VFR, a measure of diastolic blood flux, occurred. Taken together these two phenomena suggest that diastolic flux to the heart was negatively affected by IP. Ample evidence demonstrates that diastolic functions and the capacity to increase cardiac preload are important to achieve normal hemodynamics during the metaboreflex (10, 20, 48, 50) . In particular, it has been reported both in animal as well as in human studies, that the capacity to centralize blood volumes by means of visceral and venous constriction supports ventricular performance by recruiting the Frank-Starling mechanism during the metaboreflex (10, 63, 65) . Moreover, it has recently been reported that if this mechanism is impaired by inducing venous dilation, then the CO-mediated increment in MAP that normally takes place during PEMI is reduced (48) . However, a recent investigation from our laboratory has highlighted the fact that, if cardiac compliance is impaired, such as in aging, then the preload reserve cannot be properly recruited and the SV response during PEMI is abolished (50) . All these facts are in line with the concept that the possibility to increase venous return and cardiac preload together with diastolic functions are important to achieve normal cardiovascular response during the metaboreflex.
In our investigation, the observed reduced EDV and VFR after IP was coherent to our initial hypothesis that IP reduced cardiac preload. However, the mechanism is apparently different from what initially speculated, i.e., a reduced sympatheticmediated venoconstriction due to a IP-induced dampening in type III and IV nerve endings activity. Although not directly assessed, sympathetic activity to vessels and to the heart was likely unaffected during the metaboreflex after IP since we did not observed any reduction in myocardial performance, as testified by EF, or in arteriolar tone, as indicated by the SVR increment. Notwithstanding sympathetic tone was unaffected by IP, EDV and VFR were reduced, thereby indicating the occurrence of venous dilation and blood pooling. We cannot provide a definitive explanation as to why IP caused a reduction in these parameters. It is unlikely that this was the consequence of an altered diastolic proprieties of the heart as, to the best of our knowledge, nobody to date has reported that IP can negatively affect this function. Moreover, the indexes of diastolic functions we used (i.e., E and A waves velocity) were not influenced by IP. It is possible to hypothesize the reduced EDV was the consequence of an impaired capacity to induce venous constriction after IP. It is well known that IP can promote the production NO at the vascular level (26, 47) . It has recently been shown that the administration of NO donors before the metaboreflex activation can impair cardiac preload by inducing venous capacity vessels dilation (48) . This venous dilation reduced the ability to propel blood volumes toward the heart and to recruit the Frank-Starling mechanism during the metaboreflex. This phenomenon was in part responsible for the reported reduced SV and MAP response (48) . It is then possible to speculate that, in our setting, the IP maneuvers before the metaboreflex could have augmented the NO production which in turn resulted in an impaired possibility to induce venous constriction. Coherently, this phenomenon could have resulted in a reduced capacity to increase SV and CO during the metaboreflex, and this fact caused the blunted MAP response. However, it must be acknowledged that this hypothesis remains speculative since we did not have the opportunity to gather a direct measure of NO production in our experimental setting. An important point that deserves to be highlighted and that is in contrast to this hypothesis is that SVR was not reduced after the metaboreflex. This parameter would have dropped if an increase in the NO concentration had taken place as NO induces arteriolar dilation. Moreover, the increased SVR response found is in sharp contrast to our initial hypothesis that IP reduced type III and IV afferents activity, thereby reducing the blood pressure response during the metaboreflex. In fact, a reduced activity of these afferent could have caused a blunted sympathetic activation and a reduced SVR increment during the metaboreflex. Furthermore, the HR response should also have been blunted if this were the case. Neither the first nor the second phenomena occurred in our experimental setting. In our opinion, this fact does not support the hypothesis that the sympathetic tone was reduced after IP and that metaboreceptors were desensitized by the preconditioning maneuvers. A possible explanation for the increased SVR reported during the IP-PEMI test may be that the baroreflex could have been activated by the reduced MAP, thereby counteracting the lower CO response by recruiting the afterload reserve and inducing arteriolar constriction. This in turn partially corrected the MAP response in the IP-PEMI condition, which however remained at lower levels compared with the PEMI test. This phenomenon could also have masked any possible IP-induced arteriolar dilation due to the supposed increase in NO production. It is also to be considered that nitrates exert a venodilator effect while a quantitatively lesser effect on arteriolar resistance vessels has been reported (38, 48) . The increased SVR could also have "trapped" blood on the arterial side of the circulation and led to reductions in venous return and ventricular filling, thereby partially explaining the reduced VFR and EDV. Therefore, in our opinion, the blunted MAP response after IP was not the consequence of a reduction in the activity of the metaboreceptors, rather the main responsible mechanism was the capacity of the preconditioning maneuvers to induce venous dilation, thereby preventing the possibility to augment the diastolic flux to sustain EDV and SV. Our proposed hemodynamic scenario is that the normal flow-mediated mechanism that normally increases MAP during the metaboreflex was impaired after the IP because of the reduced capacity to properly increase cardiac preload. In this scenario, the baroreflex partially succeeded in maintaining blood pressure by inducing arteriolar constriction. This result is in line with the concept that the hemodynamic response during the metaboreflex is dependent on the possibility to regulate all the four main hemodynamic mediators (HR, cardiac performance, preload, and afterload) and that the possibility to enhance cardiac preload is a key factor in this scenario (10, 48, 63, 65) .
Another finding of our experiment was that time to task failure was unaffected by IP. This fact speaks against any role of preconditioning in improving exercise capacity, at least when applied in limited muscle groups, such as in the forearm during handgrip. Thus it does not seem that IP can successfully reduce the sensation of fatigue by reducing type III and IV afferents activity in this setting. It should however be considered that, as described in the introduction, on the one hand, these afferents induce the sensation of fatigue, whereas on the other, they ensure effective cardiovascular adjustments to exercise. Thus blocking these fibers may inhibit the sensation of fatigue, but it also impairs the cardiovascular response, thereby limiting exercise performance (2, 4) . In other words, the potential positive effect of reducing the sensation of fatigue is counterbalanced by the potential impairment of the cardiovascular regulation. In the present investigation a reduction in MAP during the metaboreflex after IP was evident. Another potential explanation for the lack of any improvement in task failure is that the beneficial effect of IP may appear only when the muscle masses being engaged are larger than in the present investigation. Actually, most of the studies reporting positive effects employed cycling, running, and even swimming as exercise mode (8, 24, 27, 41, 59) . It could then be argued that during handgrip the muscle mass being recruited is too small to detect any beneficial effect of IP on fatigue.
Limitations of the study. It should be recognized that the present study has some potential limitations. In detail, one limitation could be that we did not employ a sham test. We made this choice considering that it is virtually impossible to effectively have a sham that mimics the IP maneuvers. Classically, this is done by inflating the tourniquet to a level of 20 mmHg (67). However, subjects clearly recognize the difference between 20 and 50 mmHg above their systolic pressure (as used in the present study). Moreover, this can potentially block venous return and cause metabolite accumulation. This in turn potentially activates the IP cascade, thereby paradoxically further confounding results. Another potential limitation was that we did not collect data on NO production. The dosage of this metabolite would have confirmed our hypothesis that NO production was augmented after IP and that it was responsible for the reduced capacity to constrict large venous vessels and support cardiac preload during the metaboreflex. However, we consider this hypothesis very likely to have occurred since it has been reported on several occasions that IP increases NO production. Our experimental setting did not allow to assess whether or not the activity of the metaboreflex was blunted during exercise after the IP maneuver. The pressor response was not different between the different settings, but it should be considered that during exercise, along with the metaboreflex, the central command and the mechanoreflex are also activated and their hemodynamic effects superimpose to those due to the metaboreflex. Moreover, some redundancy exists between these reflexes and neural occlusion can be operative; that is, their effects do not sum (53) thereby rendering the contribution of each of them very difficult to be ascertained. Hence, it is to be underscored that without direct measurement of sympathetic nerve activity, it is difficult to make any conclusion about the exercise pressor reflex after IP. Finally, the study population of the present investigation was limited to young, healthy, Caucasian males. Therefore, results cannot be extended to a general population.
In conclusion, our data suggest that ischemic preconditioning successfully affect the hemodynamic response to metaboreflex activation, since in the present investigation it reduced the blood pressure response during the recruitment of this cardiovascular reflex, but this hemodynamic response was not linked to any ergogenic effect. However, contrary to our initial hypothesis, this effect was not achieved by reducing heart rate and arterial vascular resistance response, which was instead increased. Rather, it was the consequence of an impaired capacity to propel blood volumes toward the heart and to recruit the Frank-Starling mechanism, as testified by the impaired ventricular filling rate and EDV found in our experimental setting. This in turn resulted in an impaired capacity to support SV and CO during the metaboreflex, and this fact blunted arterial pressure response. We hypothesized that this was the consequence of an increase in NO production which reduced the possibility to constrict venous capacity vessels.
Perspectives and Significance
Results from the present study do not support the hypothesis that IP is of any aid for improving exercise performance in exercise with limited muscle mass. However, this investigation does support the hypothesis that IP affects hemodynamics. Further study is warranted to better characterize the phenomenon and to understand whether or not this effect is present also for exercise conducted with larger muscle mass and in patients with cardiovascular disease.
